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Introduction {#sec005}
============

Among the infectious diseases affecting humankind, human immunodeficiency virus (HIV) infection and tuberculosis (TB) rank firsts in terms of mortality and morbidity. Of the 10.4 million new TB cases estimated in 2015, 1.2 million were among people living with HIV and to the appraised 1.4 million TB deaths in the same year, an additional 0.4 million deaths resulting from TB disease among HIV subjects were reckoned \[[@pone.0183846.ref001]\]. Serious concern is also raising the increase in HIV incidence in TB endemic countries in South-East Asia and Russia \[[@pone.0183846.ref002];[@pone.0183846.ref003]\].

HIV is known to impair host immune functions involved in controlling *Mycobacterium tuberculosis* (*Mtb)* infection in a number of ways \[[@pone.0183846.ref004]\]. Within the granulomas, HIV has been shown to promote cellular dysfunctions on CD4^+^ and CD8^+^ T-cells and macrophages, causing bacterial dissemination and TB reactivation \[[@pone.0183846.ref005]\]. Recent studies on humanized mice infected with HIV provided *in vivo* experimental evidences that pro-inflammatory responses in pulmonary TB are associated with poorly formed granulomas and increased disease severity \[[@pone.0183846.ref006]\]. TB disease in HIV-infected patients is characterized by reduced cavitation, increased bacillary dissemination and load, higher risk of developing drug resistance and poorer outcomes \[[@pone.0183846.ref007]\]. It is also known that immune impairment resulting from HIV-infection is responsible for the increased risk of *de novo Mtb* infection \[[@pone.0183846.ref008]\] and that HIV may affect the immunological diagnosis of *Mtb* infection \[[@pone.0183846.ref009]--[@pone.0183846.ref011]\]. Understanding how HIV infection shapes host immune responses against specific *Mtb* antigens at systemic level may pave the way for the development of improved immunodiagnostic tools with value for TB disease \[[@pone.0183846.ref012]--[@pone.0183846.ref015]\].

Immunological diagnosis of *Mtb* infection may be useful to identify subjects at risk of developing TB disease, particularly in high risk groups such as HIV-infected subjects \[[@pone.0183846.ref012]\]. RD1-based Interferon-(IFN)γ Release Assays (IGRAs) have been widely used in the last two decades and have demonstrated improved performance over the classical Mantoux test, although these assays cannot distinguish LTBI from active TB \[[@pone.0183846.ref009]\]. Among the *Mtb* antigens used in blood tests, the heparin-binding haemagglutinin (HBHA) emerged as a promising candidate with prognostic potential, since a negative response in HBHA-based IGRAs, among *Mtb*-infected subjects, has been shown by several groups to correlate with active TB disease rather than LTBI \[[@pone.0183846.ref016]--[@pone.0183846.ref021]\]. Here we aim to investigate the impact of HIV infection in CD4- and CD8-specific response to HBHA in both LTBI and TB patients, as a tool to evaluate the characteristics of the cells associated with a loss of *Mtb* containment.

Materials and methods {#sec006}
=====================

Study population and sample collection {#sec007}
--------------------------------------

We conducted the study at the National Institute for Infectious Diseases (INMI) L. Spallanzani which was approved by the INMI Ethical Committee (approval number 34/2011). The participation to the study required the signature of a consent. The patients were prospectively enrolled (from 2012 to 2015). HIV-infected naïve to ART patients were diagnosed for HIV infection for the first time at enrollment but the infection was acquired prior 6 months. Active TB (HIV-TB and TB) patients were enrolled within the first week of TB-specific treatment. Active TB microbiologically diagnosed was defined based on the *Mtb* isolation from sputum culture. Microbiological TB was characterized by first line *Mtb* drug-sensitive isolates. LTBI patients were defined by QFT-IT positivity (Qiagen, Hilden, Germany) and absence of clinical symptoms, microbiological and chest X-ray evidence of lesions indicative of active TB. Preventive TB treatment was offered to all LTBI patients at the time of the study recruitment. Among the 49 patients enrolled, 22 (45%) were HIV-uninfected (13 active TB and 9 LTBI) and 27 (55%) were HIV-infected (12 HIV-TB and 15 HIV-LTBI) ([Fig 1](#pone.0183846.g001){ref-type="fig"}). The majority of the HIV-infected patients correspond to those analyzed in the our previous work. In particular, all among HIV-TB patients and 14/15 among the HIV-LTBI subjects \[[@pone.0183846.ref021]\]. Demographic and clinical characteristics of the subjects enrolled in the study are shown in [Table 1](#pone.0183846.t001){ref-type="table"}. Around 75% of the enrolled cohort were BCG-vaccinated; regarding the origin, almost 36% were from Eastern Europe, 24% from Italy and 22% from South America. No significant difference in age gender and QFT-IT results was observed comparing all groups ([Table 1](#pone.0183846.t001){ref-type="table"}); in contrast, the CD4^+^ and CD8^+^ T-cell counts and HIV-RNA copy numbers significantly differed among the HIV-infected groups analyzed ([Table 1](#pone.0183846.t001){ref-type="table"}).

![Flow chart of the patients enrolled for the study.\
Forty-nine *Mtb*-infected subjects were prospectively enrolled for the study. Twenty-two patients out of the total were HIV-uninfected, for 13 of these a diagnosis of active TB was made and 9 resulted LTBI. Among the remaining 27 HIV-infected patients, all naïve to ART, 12 were diagnosed as HIV-TB and 15 resulted HIV-LTBI. Footnotes: HIV: human immunodeficiency virus; TB: tuberculosis; LTBI: latent TB infection.](pone.0183846.g001){#pone.0183846.g001}
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###### Demographic and clinical characteristics of the subjects enrolled in the study.

![](pone.0183846.t001){#pone.0183846.t001g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                               HIV-uninfected      HIV-infected                                                                     
  ------------------------------------------------------------ ------------------- ------------------- -------------------- ------------------- ------------------- ----------------------------------------------
  N (%)                                                        13 (26.5)           9 (18.4)            12 (24.5)            15 (30.6)           49 (100)            

  Median Age (IQR)                                             30.0 (25.0--46.0)   48.0 (34.5--60.0)   40.0 (30.3--44.0)    38.0 (35.0--40.0)   38.0 (30.5--44.5)   0.3[^a^](#t001fn003){ref-type="table-fn"}

  Female gender (%)                                            1 (7.7)             1 (11.1)            0                    3 (20.0)            5 (10.2)            0.4[^b^](#t001fn004){ref-type="table-fn"}

  Origin (%)                                                                                                                                                        0.001[^b^](#t001fn004){ref-type="table-fn"}

  Italy                                                        2 (15.4)            6 (66.7)            3 (25.0)             1 (6.7)             12 (24.5)           

  Eastern Europe                                               9 (69.2)            1 (11.1)            5 (41.6)             3 (20.0)            18 (36.7)           

  Asia                                                         1 (7.7)             \-                  \-                   \-                  1 (2.0)             

  Africa                                                       1 (7.7)             2 (22.2)            2 (16.7)             2 (13.3)            7 (14.3)            

  South America                                                \-                  \-                  2 (16.7)             9 (60.0)            11 (22.5)           

  BCG status (%)                                                                                                                                                    0.008[^b^](#t001fn004){ref-type="table-fn"}

  Vaccinated                                                   11 (84.6)           3 (33.3)            9 (75.0)             14 (93.3)           37 (75.5)           

  Unvaccinated                                                 2 (15.4)            6 (66.7)            3 (25.0)             1 (6.7)             12 (24.5)           

  QFT-IT (%)                                                                                                                                                        0.24[^b^](#t001fn004){ref-type="table-fn"}

  Positive                                                     11 (84.6)           9 (100)             10 (83.4)            15 (100)            45 (91.8)           

  Negative                                                     2 (15.4)            \-                  2 (16.7)             \-                  4 (8.2)             

  CD4^+^ T-cell/mm^3^ [\#](#t001fn002){ref-type="table-fn"}\   \-                  \-                  128.5\               666\                329\                0.0001[^c^](#t001fn005){ref-type="table-fn"}
  Median (IQR)                                                                                         (41.0--266.5)        (341.0--1075.0)     (110.0--767.0)      

  CD8^+^ T-cell/mm^3^ [\#](#t001fn002){ref-type="table-fn"}\   \-                  \-                  532.5\               1053\               877\                0.0001[^c^](#t001fn005){ref-type="table-fn"}
  Median (IQR)                                                                                         (153.3--815.0)       (884.0--1352.0)     (481.0--1287.0)     

  HIV-RNA (cp/μl) [\#](#t001fn002){ref-type="table-fn"}\       \-                  \-                  60542.0\             6878.0\             16689.0\            0.035[^c^](#t001fn005){ref-type="table-fn"}
  Median (IQR)                                                                                         (7451.8--610654.3)   (1427.5--24809.0)   (1884--150192.0)    
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

HIV: human immunodeficiency virus; LTBI: latent tuberculosis infection; TB: active tuberculosis; IQR: interquartile range; BCG: Bacillus Calmette et Guérin; QFT-IT: QuantiFERON-TB Gold (QFT^®^) in tube;

^\#^: only available for HIV-infected patients.

^a^ Kruskal-Wallis test.

^b^ Chi-square test.

^c^ Mann-Whitney.

Stimuli for in vitro tests {#sec008}
--------------------------

We stimulated the peripheral blood mononuclear cells (PBMC) for 16 hours with *Mtb*-specific antigens: a) RD1 proteins that consist in a mix of recombinant proteins ESAT-6 and CFP-10 (Lionex, Braunschweig, Germany) used at 4 μg/ml (LPS contamination was for ESAT-6 less than 0.05 IU/mg and for CFP-10 was equal to 66.7 IU/mg, as reported by the manufacturer); b) a recombinant methylated HBHA which was purified from *M*. *smegmatis* pMV3-38 as previously described \[[@pone.0183846.ref022]\] (LPS contamination was 0.60 IU/mg of protein) and used at a final concentration of 5 μg/ml \[[@pone.0183846.ref019]\]. The unrelated antigen CMV lysate (strain AD169) (Experteam, Venice, Italy) was used at 5 μg/ml while as positive control the SEB (Sigma, St Louis, MO, USA) was used at 200 ng/ml.

A costimulation with anti-CD28 and anti-CD49d monoclonal antibodies (mAb) at 2 μg/ml each (BD Bioscence, San Jose, USA) was performed. The fluorescently conjugated mAb used were those listed below: anti-CD3 allophycocyanin (APC)-Vio770, anti-CD8 VioBlue, anti-CD4 peridinin chlorophyllprotein (PerCP)-Vio700, anti-CD45RA phycoerythrin (PE)-Vio770, anti-CCR7 VioGreen, anti-IFN-γ APC, anti-TNF-α fluorescein isothiocyanate (FITC) and anti-IL-2 PE (all mAb from Miltenyi Biotec).

QuantiFERON-TB Gold In-tube (QFT-IT) {#sec009}
------------------------------------

We used the commercially available IGRA QuantiFERON-TB Gold In-tube (QFT-IT) (Qiagen) as indicated by the manufacturer's instructions using TB antigen, Mitogen (as positive control) and Nil (as negative control). The TB antigen tube contains the overlapping peptides from CFP-10 and ESAT-6 and TB7.7. The cut-off value for a positive test was ≥0.35 IU/ml, while an indeterminate score was assigned if the IFN-γ response to the Mitogen after subtracting the Nil was \<0.5 IU/ml or if the Nil was \>8 IU/ml. The data are presented as IU/ml after subtraction of the Nil.

HBHA-IGRA {#sec010}
---------

Whole blood (0.250 ml heparinised whole blood per well) was seeded in a 48-well plate (Corning Costar, Corning Incorporated, New York, NY, USA) for 16--20 hours and left unstimulated or treated with the recombinant methylated HBHA which was purified from *M*. *smegmatis* pMV3-38 \[[@pone.0183846.ref022]\] (LPS contamination was 0.60 IU/mg of protein) and used at a final concentration of 5 μg/ml. The IFN-γ production was measured on the harvested plasma by the commercial ELISA used within the QFT-IT. Data are presented as IU/ml after subtraction of the unstimulated condition.

Intracellular staining assay (ICS) {#sec011}
----------------------------------

We isolated fresh PBMC using Ficoll density gradient centrifugation, and 1x10^6^ cells/ml were cultured overnight with the single stimuli and the following costimuli as anti-CD28 and anti-CD49d monoclonal antibodies at 2 μg/ml each (BD Bioscence) at 37°C and 5% CO~2~ in 10% fetal bovine serum (PAA Laboratories GmbH, Pasching, Austria) in RPMI-1640 (Gibco, CA, USA). To prevent cytokine secretion the BD GolgiPlug was added after 1 hr of stimulation. After 16 hrs of incubation the ICS was performed. Unstimulated PBMC provided as a negative control. PBMC were first stained with mAb for surface markers, fixed in 4% paraformaldehyde and permeabilized with PBS-1% BSA -0.5% saponin -0.1% NaN~3~ and then stained with mAb for intracellular cytokines. Cells were fixed again in 2% paraformaldehyde, and at least 200,000 lymphocytes were acquired using a FACSCanto II flow cytometer (BD Biosciences).

Flow cytometry data analysis {#sec012}
----------------------------

The FlowJo (Tree Star Inc., San Carlos, CA), Pestle and SPICE softwares (provided by Dr. Roederer, Vaccine Research Center, NIAID, NIH, USA, 28), were used to analyze the multiple-parameter flow cytometry data. According to forward and side scatter plots, the cells were gated and, as previously described \[[@pone.0183846.ref023]\], the frequency of single, double and triple cytokines expressed by CD4^+^ and CD8^+^ T-cells was evaluated using Boolean combination gates. Background cytokine production in the negative control of the ICS assay was subtracted from each stimulated condition. A positive cytokine response was defined as at least twice the background. A frequency of any cytokine-producing T-cells (IFNγ and/or TNFα and/or IL2) of at least 0.03% was considered as a positive CD4^+^ and CD8^+^ T-cell response corresponding to at least 30 analyzed events.

In preliminary experiments, we tested the quality of our fluorescent antibody using isotype control. Moreover, to properly interpret flow cytometry data, we performed the Fluorescence Minus One (FMO) Control. FMO control contains all the fluorochromes in a panel, except for the one that is being measured. Using FMO it is possible to identify any potential spread of the fluorochromes into the channel of interest.

According to the expression of the surface markers CD45RA and CCR7, the phenotypical analysis of different antigen-memory response of CD4^+^ and CD8^+^ T-cells was evaluated by flow cytometry. The memory status of antigen-specific CD4^+^ or CD8^+^ T-cells was evaluated on differently gated CD4^+^ and CD8^+^ T-cells respectively. In particular, the phenotypical analysis was performed within the gates defined as total CD4 T-cell response and total CD8^+^ T-cell response, identifying CD4^+^ and CD8^+^ T-cells only in the subjects with a positive cytokine response to the antigens.

The analysis was performed the same day of enrolment for every patients. The frequency of cytokine expression (IFNγ, TNFα and IL2) and the phenotype was evaluated by flow cytometry in the Ag-specific CD4^+^ and CD8^+^ T-cells.

Independent blinded analysis was then performed using the same gating strategy by two authors (TC and after, by EP). Concordance of the analyses was 90% and agreement was achieved by discussion.

Statistical analysis {#sec013}
--------------------

As previously described \[[@pone.0183846.ref023]\], the data were analyzed using SPSS software (Version 19 for Windows, Italy SRL, Bologna, Italy). The medians and interquartile range (IQR) were calculated for continuous measures, the Mann-Whitney or Kruskal-Wallis tests were used to analyze unpaired data. The Chi-square test was used for non-continuous measures. P values as ≤0.05 were considered significant.

Results {#sec014}
=======

HBHA-IGRA {#sec015}
---------

Regarding the response to HBHA stimulation, among the LTBI individuals, which by definition were QFT-IT positive ([Fig 2B](#pone.0183846.g002){ref-type="fig"}), all 9 HIV-uninfected LTBI subjects, scored positive, while among the 15 HIV-LTBI patients only 4 responded. Within the 13 HIV-uninfected active TB patients, only 5 scored positive whereas among the 12 HIV-TB patients, only one responded *in vitro* to HBHA ([Fig 2A](#pone.0183846.g002){ref-type="fig"}). IFNγ release to QFT-IT was not significantly different between the four matched groups, confirming that QFT-IT cannot distinguish LTBI from active TB in patients with or without HIV-co-infection ([Fig 2B](#pone.0183846.g002){ref-type="fig"}). IFNγ release following Mitogen stimulation was significantly lower in TB and HIV-TB groups compared to HIV-LTBI, suggesting that TB status induced a weaker overall T-cell response ([Fig 2C](#pone.0183846.g002){ref-type="fig"}).

![IFNγ-response to different *Mtb*-antigens in patients enrolled for the study.\
IFNγ-response to different *Mtb*-antigens was evaluated by short-term stimulation of whole blood in *Mtb*-infected patients with or without HIV infection. IFNγ from day-1 supernatants were evaluated by commercial ELISA in response to HBHA (A), QFT-IT antigen (B) and Mitogen (C). The square represents LTBI group, the triangle with the bottom tip represents HIV-LTBI group, the dot represents active TB group and the triangle with the top tip represents HIV-TB group. The data are shown after the subtraction of the results obtained in the unstimulated samples. Horizontal lines indicate the median of IFNγ production. Dotted lines indicate the cut-off for either QFT-IT or Mitogen as indicated by the suppliers and for HBHA antigen as for previously shown results \[[@pone.0183846.ref024];[@pone.0183846.ref025]\]. Footnotes: HIV: human immunodeficiency virus; TB: tuberculosis; LTBI: latent TB infection; HBHA: heparin-binding haemagglutinin; QFT-IT: QuantiFERON-TB Gold (QFT^®^) in tube; IFN: interferon; IU: International Unit.](pone.0183846.g002){#pone.0183846.g002}

Polyfunctional or monofunctional response to HBHA {#sec016}
-------------------------------------------------

To characterize the T-cell response to HBHA, polyfunctional (more than one cytokine) and monofunctional (one cytokine) responses to HBHA antigen were analyzed in CD4^+^ and CD8^+^ T-cell subsets ([Fig 3](#pone.0183846.g003){ref-type="fig"}). RD1 proteins and CMV antigens were included as controls. Considering the CD4 T-cell response, all groups showed a higher frequency of monofunctional T-cells than the polyfunctional, in response to HBHA antigen (LTBI p = 0.002; HIV-LTBI p = 0.002; TB p = 0.024 and HIV-TB p = 0.008 respectively) ([Fig 3A](#pone.0183846.g003){ref-type="fig"}). Conversely, the CD4 T-cell responses to the other RD1-specific or recall antigens were found preferentially polyfunctional than monofunctional or without any statistical difference with the exception of the response to the RD1 proteins which was mainly monofuntional in LTBI (p = 0.017) ([Fig 3C and 3E](#pone.0183846.g003){ref-type="fig"}). The HBHA-specific CD8^+^ T-cell responses showed a higher frequency of monofunctional than polyfunctional T-cells in all groups (LTBI p = 0.0006; HIV-LTBI p = 0.002; TB p = 0.016 and HIV-TB p = 0.0006 respectively) ([Fig 3B](#pone.0183846.g003){ref-type="fig"}). Similar results were observed for the RD1-specific response but not for the CMV ([Fig 3D and 3F](#pone.0183846.g003){ref-type="fig"}).

![Analysis of polyfunctional and monofunctional response to different antigens of CD4^+^ and CD8^+^ T-cell subsets in patients enrolled for the study.\
The graphs show the frequency of polyfunctional (more than one cytokine) and monofunctional (one cytokine) response, evaluated by flow cytometry, to HBHA (A, B), RD1 proteins (C, D) and CMV (E, F) of CD4^+^ and CD8^+^ T-cell subsets in the *Mtb*-infected patients with or without HIV infection. A positive cytokine response was defined as at least twice the background. A frequency of any cytokine-producing T-cells (IFNγ and/or TNFα and/or IL2) of at least 0.03% was considered as a positive CD4 and CD8 T-cell response. The horizontal lines represent the median; filled symbols represent polyfunctional T-cells, open symbols represent monofunctional T-cells. Statistical analysis was performed using the Mann-Whitney test and p value was considered significant if \< 0.05. Footnotes: HIV: human immunodeficiency virus; TB: tuberculosis; LTBI: latent TB infection; HBHA: heparin-binding haemagglutinin; RD: region of difference; CMV: cytomegalovirus.](pone.0183846.g003){#pone.0183846.g003}

Hence, while the RD1-specific responses may be polyfunctional, the HBHA-specific CD4 T-cells are selectively monofunctional. Conversely, CD8-specific T-cells are mostly monofunctional for both HBHA and RD1 stimulations.

Cytokine profile of CD4^+^ and CD8^+^ T-cells in response to HBHA antigen {#sec017}
-------------------------------------------------------------------------

The cytokine profiles of CD4^+^ and CD8^+^ T-cells were analyzed by evaluating the proportion of each cytokine (IFNγ and/or TNFα and/or IL2) within the total antigen response using the Boolean gate combinations ([S1 Fig](#pone.0183846.s001){ref-type="supplementary-material"}). To better understand the cell source of IFNγ production in the groups studied, we evaluated the "total IFNγ-response" and used this value to calculate its proportion over the "total cytokine response" ([Fig 4](#pone.0183846.g004){ref-type="fig"}). HIV significantly impaired the response to HBHA in CD4^+^ T-cells both in subjects with LTBI (p = 0.007) and in those with TB disease (p = 0.008).

![IFNγ profile of CD4^+^ and CD8^+^ T-cells in response to different stimuli.\
The IFNγ cytokine profile of CD4^+^ and CD8^+^ T-cells was analyzed by ICS. In particular, we evaluated the "total IFNγ response" and then calculated the proportion of this response within the total cytokine response (IFNγ and/or TNFα and/or IL2). PBMC were stimulated overnight with HBHA (A, B), RD1 proteins (C, D), CMV (E, F) and SEB (G, H) and analyzed within the CD4^+^ and CD8^+^ T-cells by flow cytometry. A-H: The bar graphs show the proportion of IFNγ-expressing cells within the CD4^+^ and CD8^+^ T-cells over the total responding T-cells in the different groups analyzed. The horizontal lines represent the median. Statistical analysis was performed using Mann-Whitney test and p value was considered significant if \< 0.05. A, C, E, G) Proportion of total IFNγ-producing CD4^+^ T-cells in response to each stimulus; B, D, F, H) Proportion of total IFNγ-producing CD8^+^ T-cells in response to each stimulus. Footnotes: HIV: human immunodeficiency virus; TB: tuberculosis; LTBI: latent TB infection; HBHA: heparin-binding haemagglutinin; RD: region of difference; CMV: cytomegalovirus; SEB: staphylococcal enterotoxin B; IFN: interferon.](pone.0183846.g004){#pone.0183846.g004}

Moreover, among the LTBI group, IFNγ was expressed mainly by CD4 T-cells, whereas in TB, it was expressed both by CD4^+^ and CD8^+^ T-cells ([Fig 4A and 4B](#pone.0183846.g004){ref-type="fig"}). Moreover, in LTBI subjects, we found that, even if they were globally more monofunctional than polyfunctional responses, CD4 T-cells expressing IFNγ were either mono-, bi- or tri-functional, whereas in TB the CD4 T-cells expressing IFNγ were mono- or bi-functional ([S1 Fig](#pone.0183846.s001){ref-type="supplementary-material"}).

Interestingly, in HIV-infected subjects, the IFNγ-induced HBHA response was mediated only by CD8^+^ T-cells ([Fig 4B](#pone.0183846.g004){ref-type="fig"}), that were mainly monofunctional ([S1 Fig](#pone.0183846.s001){ref-type="supplementary-material"}).

Taken together these cytometry results indicate that HIV has a negative impact on the ability of CD4 to respond to HBHA.

Cytokine profile of CD4^+^ and CD8^+^ T-cells in response to different antigens {#sec018}
-------------------------------------------------------------------------------

To assess the specificity and quality of the T-cell responses directed against HBHA, we analyzed the CD4^+^ and CD8^+^ T-cell-responses elicited by other *Mtb*-specific antigens as RD1 proteins, an unrelated antigen as CMV and mitogenic stimulus as SEB ([Fig 4C--4H](#pone.0183846.g004){ref-type="fig"}).

Previously, we have described the comparisons between TB and LTBI with or without HIV infection \[[@pone.0183846.ref026];[@pone.0183846.ref027]\], therefore in this study we focused to analyze the relation between LTBI vs HIV-LTBI and TB vs HIV-TB groups.

Regarding the other stimuli, IFNγ was expressed by CD4^+^ T-cells. In particular a significant higher proportion of IFNγ expressing cells in response to RD1 proteins was associated with HIV (in respect to LTBI, or TB, p = 0.01 for both comparisons). Regarding the response to CMV, this was significantly associated with HIV-LTBI compared to LTBI (p = 0.03). Within the CD8^+^ T-cells, no significant differences were observed among the groups in response to RD1 and SEB. To note that the CMV responses were mediated by CD8^+^ T-cells only in HIV-LTBI ([Fig 4F](#pone.0183846.g004){ref-type="fig"}). The majority of the CD8-mediated responses were monofunctional ([S1 Fig](#pone.0183846.s001){ref-type="supplementary-material"}).

Taken together these cytometry results indicate that HIV has a selective negative impact on the ability of CD4^+^ T-cells to respond to HBHA, not to the other stimuli studied.

Memory status of HBHA antigen-response of CD4^+^ and CD8^+^ T-cells {#sec019}
-------------------------------------------------------------------

To further dissect the T-cell populations specific for HBHA, a characterization of their immune phenotype was carried out \[[@pone.0183846.ref027]\]. CD4^+^ and CD8^+^ T-cells were analyzed depending on their memory status as naïve (N), terminally differentiated (T~EMRA~), central memory (CM) and effector memory (EM) ([Fig 5](#pone.0183846.g005){ref-type="fig"} and [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}). Within the CD4 T-cell-response, we did not find any memory status associated with *Mtb*-infected and HIV coinfected status. The phenotype of HBHA-specific T-cells showed a predominantly central memory (CM) and effector memory (EM) phenotype in CD4 T-cells, as previously reported \[[@pone.0183846.ref028]\] without differences among the groups ([Fig 5](#pone.0183846.g005){ref-type="fig"}). Conversely, among the CD8^+^ T-cells a significantly higher proportion of T~EMRA~ were found in the TB group compared to the HIV-TB group (p = 0.048, [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}). Moreover, increased proportion of EM and T~EMRA~ CD8^+^ specific cells were found in the HIV-LTBI compared to the LTBI (both p = 0.042) ([Fig 5](#pone.0183846.g005){ref-type="fig"} and [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}).

![Memory status of CD4^+^ and CD8^+^ T-cells in response to different stimuli.\
Memory status of CD4^+^ and CD8^+^ T-cell response was evaluated by flow cytometry according to the surface expression of CD45RA and CCR7 in the gate of the total CD4^+^ and CD8+ T-cell response. We defined naïve (N) as CD45RA^+^ CCR7^+^, terminally differentiated effector memory T-cells (T~EMRA~) as CD45RA^+^ CCR7^-^, central memory (CM) as CD45RA^-^ CCR7^+^ and effector memory (EM) as CD45RA^-^ CCR7^-^. The pie charts represent the proportion of N, T~EMRA~, CM and EM CD4^+^ and CD8^+^ T-cells in the different groups analyzed in response to overnight stimulation with the different stimuli. For statistical comparison and detailed evaluation, please see [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}.](pone.0183846.g005){#pone.0183846.g005}

Taken together these results indicate the absence of main differences in the memory status of HBHA-specific CD4^+^ T-cells among the group studied; conversely, concerning the HBHA-specific CD8^+^ T-cells, LTBI show mainly a N or CM phenotype, while the TB, HIV-LTBI and HIV-TB groups are characterized by EM or T~EMRA~ phenotypes.

Memory status of different antigen-response of CD4^+^ and CD8^+^ T-cells {#sec020}
------------------------------------------------------------------------

To better define the specificity of the memory status results obtained with HBHA antigens, a comparison with those elicited by RD1-specific responses, unrelated antigens (CMV) and mitogenic stimulus (SEB) was carried out ([Fig 5](#pone.0183846.g005){ref-type="fig"} and [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}). Comparing the patients with active TB, within the CD4^+^ T-cell-response to RD1 proteins and SEB, a N status was associated with TB group (p = 0.032; p = 0.026 respectively) ([Fig 5](#pone.0183846.g005){ref-type="fig"} and [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}). Interestingly in TB we observed a trend of a diminution of CM with a rise of EM as previously shown ([Fig 5](#pone.0183846.g005){ref-type="fig"} and [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}) \[[@pone.0183846.ref026]\].

Within the LTBI, regarding the response to CMV, although the proportion is very low, a T~EMRA~ phenotype and an EM status associated with HIV-LTBI patients (p = 0.005; p = 0.021 respectively); while, a CM status was associated with the LTBI group (p = 0.009) ([Fig 5](#pone.0183846.g005){ref-type="fig"} and [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}).

Regarding CD8^+^ T-cell-response to SEB among the patients with active TB, a T~EMRA~ phenotype was associated with TB group (p = 0.009) ([Fig 5](#pone.0183846.g005){ref-type="fig"} and [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}). Within the LTBI groups, analyzing the CD8^+^ T-cell-response to RD1 proteins and SEB, we found a T~EMRA~ status associated with HIV-LTBI patients (p = 0.031; p = 0.009 respectively) ([Fig 5](#pone.0183846.g005){ref-type="fig"} and [S2 Fig](#pone.0183846.s002){ref-type="supplementary-material"}).

Discussion {#sec021}
==========

In previous studies, we and others have shown that a positive response to HBHA-based IGRAs in immunocompetent subjects correlates mainly with Mtb containment and LTBI, suggesting that HBHA may serve as an immunological correlate of protection \[[@pone.0183846.ref016];[@pone.0183846.ref017];[@pone.0183846.ref019];[@pone.0183846.ref028]; [@pone.0183846.ref029]\]. The potential usefulness of a such HBHA-based blood test would be of the greatest relevance in Mtb-infected patients at higher risk of developing active disease, as the HIV-infected subjects. Indeed, we recently confirmed that a positive HBHA-based IGRA in HIV-LTBI correlates with Mtb containment \[[@pone.0183846.ref021]\]. In this study, we aimed to characterize the immune phenotypes of the HBHA-specific CD4^+^ and CD8^+^ T-cell responses in Mtb-infected patients, with or without HIV infection. Our findings indicate that in those with LTBI, IFNγ in response to HBHA is expressed mainly by CD4^+^ T-cells, whereas in those with TB, by both, the CD4^+^ and CD8^+^ T-cells. The HBHA-specific CD4^+^ T-cells in the LTBI were found to be either monofunctional (IFNγ+), double functional (IFNγ+ TNFα+) or triple functional (IFNγ+ IL2+ TNFα+), as previously shown in the HIV-uninfected subjects \[[@pone.0183846.ref030]\]. CD4 T-cells expressing TNFα were not significantly different among the groups, as previously shown \[[@pone.0183846.ref030]\]. The phenotype of HBHA-specific CD4 T-cells showed a predominantly CM and EM phenotype without differences among the groups. Regarding the CD8^+^ T-cells, the HBHA-specific cells were mainly monofunctional (IFNγ+ or TNFα+). TNFα-expressing CD8^+^ T-cells were not significantly different among the groups, as previously shown \[[@pone.0183846.ref030]\]. Regarding the phenotype, CD8^+^ T-cells were characterized either by a terminally differentiated (TEMRA) or effector memory (EM) phenotype in TB, HIV-LTBI and HIV-TB but not in the LTBI. Moreover, interestingly, in the HIV-infected subjects, the HBHA-specific IFNγ-response was selectively mediated by CD8^+^ T-cells, although the CD4^+^ T-cells did respond to all the other stimuli tested, as RD1 proteins, CMV and SEB. This is likely due to the baseline low frequency of the HBHA-specific responses within the CD4^+^ T cells compared to other *Mtb* antigens as RD1 which lead to its dramatic loss after HIV infection. Altogether, these results provide for the first time a concomitant fine characterization of the HBHA-specific immune response in both CD4^+^ and CD8^+^ T-cells in HIV-infected and uninfected patients.

Seminal studies and more recent evidences suggest that polyfunctional CD4^+^ and CD8^+^ T-cells secreting IFNγ in combination with other cytokines, such as TNFα and IL2, may be key players in the protective immunity against TB \[[@pone.0183846.ref026];[@pone.0183846.ref031]--[@pone.0183846.ref035]\]. For these reasons, *Mtb* antigen-specific polyfunctional T-cells have been studied deeply either in observational studies involving patients at different TB stages or in vaccine-based studies \[[@pone.0183846.ref032];[@pone.0183846.ref035];[@pone.0183846.ref036]\]. However, conflicting results have been generated. Therefore it remains to be determined whether polyfunctional T-cells represent a marker of protective immunity or of disease activity 27; 32--36. In fact, polyfunctional CD4 T-cells in response to RD1 antigens were found at similar or higher levels in HIV-TB compared to HIV-LTBI, though in the HIV-TB group their ability to express more than one cytokine decreased with the increase in HIV-1 viral load \[[@pone.0183846.ref027];[@pone.0183846.ref037];[@pone.0183846.ref038]\]. In this study, we observed that, HBHA-specific triple functional CD4^+^ T-cells associated with LTBI, as previously shown \[[@pone.0183846.ref030]\]. Moreover, among the CD8^+^ T-cells, we did not find IFNγ monofunctional CD8^+^ T-cells in LTBI, differently from what observed in the other groups. Since the LTBI group showed higher level of IFNγ in the IGRA-based on HBHA, it follows that the CD4 T-cells positive for IFNγ are likely those mainly responsible for the higher levels of IFNγ production observed by ELISA in this group. However, it must be noted that previous studies failed to find a direct correlation between ICS and ELISA, and therefore it remains to be determined how much IFNγ is secreted by the IFNγ+ CD4^+^ and CD8^+^ T-cells specific for HBHA \[[@pone.0183846.ref039]\]. Nevertheless, these findings provide additional support to the potential protective role of HBHA-specific CD4^+^ T-cells against *Mtb* and highlight their importance in HIV infection where a specific loss is observed. These results are further supported by experiments done in animal models \[[@pone.0183846.ref017];[@pone.0183846.ref040];[@pone.0183846.ref041]\].

Interestingly, we found that HIV infection significantly impairs the IFNγ expression in response to HBHA in the CD4^+^ T-cells. This is remarkable because the same CD4^+^ T-cells do respond to different *Mtb* antigens as RD1 or recall antigens as CMV or to a promiscuous antigen as SEB. Another report described the response to HBHA in HIV-infected subjects \[[@pone.0183846.ref028];[@pone.0183846.ref042]\]. However the experimental system used is different compared to that used in the present study because it involved PBMC instead of whole blood, it included the *in vitro* stimulation with IL-7 and the use of a different HBHA (from *M*. *bovis*). Moreover, a small cohort of only 6 HIV-TB patients was evaluated and the status of LTBI was not defined by a positive response to QFT-IT, as we did here. Nevertheless, in both studies, a proportion of HIV-TB responding to the HBHA-IGRA was described. Regarding the different results obtained from the literature, it is important to note that here we found lower cytokines frequencies in response to HBHA compared to others \[[@pone.0183846.ref030]\], likely due to the shorter time of stimulation we used (1 day) in respect to that reported by others (5 days) beside all the experimental differences reported above. This experimental specificities may explain the lack of response to HBHA in the CD4^+^ T cells from HIV-infected subjects.

CD8^+^ T-cells are known to play a role during *Mtb* infection by secreting cytokines and molecules with cytotoxic activity \[[@pone.0183846.ref043]\] and anti-mycobacterial activity \[[@pone.0183846.ref044]\]. An inverse correlation between TB disease therapy success and *Mtb*-specific CD8^+^ T-cells capable to secrete IFNγ has been observed \[[@pone.0183846.ref032]\] indicating that the RD1-specific-CD8^+^ cells correlate with *Mtb* load \[[@pone.0183846.ref027];[@pone.0183846.ref045]\]. Hence, similarly to what observed for RD1 antigens, an increase in peripheral IFNγ-secreting CD8^+^ T-cells specific for HBHA inversely correlates with the ability to contain *Mtb in vivo*. Previous findings reported that HBHA-specific CD8^+^ T-cells are involved in the containment of *Mtb* infection in LTBI, though the ability to restrict mycobacterial growth was associated with CD8^+^ T-cells secreting perforin \[[@pone.0183846.ref023]\]. Interestingly, the HBHA-specific, perforin-producing CD8 T lymphocytes were distinct from the IFNγ-producing CD8^+^ T-cells \[[@pone.0183846.ref023]\], suggesting that the latter population of CD8^+^ T-cells may not be involved in the control of *Mtb* infection as previously suggested \[[@pone.0183846.ref043]\].

Among the CD4^+^ T-cells responding to HBHA, the response was mainly mediated by CM and EM, as previously reported \[[@pone.0183846.ref028]\] without differences among the groups. Differently, among the CD8^+^ T-cells an EM and a T~EMRA~-status were associated with TB and a N phenotype was associated with LTBI. Moreover, a significantly higher proportion of CD8^+^ T-cells showing a T~EMRA~-phenotype was found in the TB group compared to the HIV-TB group, and in the HIV-LTBI compared to the LTBI. The different phenotype likely reflects the different *Mtb* load present in the groups studied.

A potential limitation of the present study is the relatively small number of the subjects analyzed. However, to our knowledge, this is the first study in which it has been reported the concomitant characterization of the immune HBHA-specific response among HIV-infected and uninfected subjects with active TB or LTBI. Moreover, considering the literature, the number of subjects enrolled is comparable to those described in similar reports. In addition, the design of the study was very systematic in terms of: groups analyzed (HIV-TB vs TB and HIV-LTBI vs LTBI), experimental tools used (*Mtb* specific and unrelated recall antigens employed), integrity and reproducibility of the results obtained (cytometry data were analyzed by two independent laboratory operators), evaluation of the cytokine profile and memory status in both CD4^+^ and CD8^+^ T-cell subsets. Finally, LTBI was defined by QFT-IT positivity and absence of clinical and microbiological symptoms and chest X-ray evidence of lesions indicative of active TB, definition used in several reports including those written by the WHO \[[@pone.0183846.ref046]\]. This definition has been challenged by a very interesting approach using a stratification of patients based on the concomitant evaluation of the response to HBHA and ESAT-6 \[[@pone.0183846.ref047]\]. This approach, although fascinating, needs to be validated in larger cohorts of patients and in the meantime, we use the definition of LTBI widely employed \[[@pone.0183846.ref012];[@pone.0183846.ref046];[@pone.0183846.ref048]--[@pone.0183846.ref050]\].

In conclusion, these results significantly improve our knowledge of the human immune response to *Mtb* phase-dependent antigens in the long-term control of infection, on the impact of HIV infection in these responses and provide suggestions for designing vaccines based on *Mtb* latency antigen.
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###### Cytokine profile of CD4^+^ and CD8^+^ T-cells in response to different stimuli.

PBMC were stimulated overnight with HBHA (A, B), RD1 proteins (C, D), CMV (E, F) and SEB (G, H) and analyzed by flow cytometry for intracellular production of IFNγ, TNFα and IL2. A-H: The bar graphs show the proportion of stimuli cytokine producing CD4^+^ and CD8^+^ T-cells over the total responding T-cells in the different groups analyzed. The horizontal lines represent the median; blue circles represent the LTBI group, red circles represent the HIV-LTBI group; green circles represent the TB group; orange circles represent the HIV-TB group. Statistical analysis was performed using Mann-Whitney test and p value was considered significant if \< 0.05. A, C, E, G) Proportion of cytokine-producing CD4^+^ T-cells in response to each stimulus; B, D, F, H) Proportion of cytokine-producing CD8^+^ T-cells in response to each stimulus. Footnotes: HIV: human immunodeficiency virus; TB: tuberculosis; LTBI: latent TB infection; HBHA: heparin-binding haemagglutinin; RD: region of difference; CMV: cytomegalovirus; SEB: staphylococcal enterotoxin B; IFN: interferon; IL: interleukin; TNF: tumor necrosis factor.

(TIF)

###### 

Click here for additional data file.

###### Memory status of CD4^+^ and CD8^+^ T-cells in response to different stimuli.

Memory status of CD4^+^ and CD8^+^ T-cell response was evaluated by flow cytometry according to the surface expression of CD45RA and CCR7 in the gate of total CD4 and CD8 T-cell response. We defined naïve (N) as CD45RA^+^ CCR7^+^, terminally differentiated effector memory T-cells (T~EMRA~) as CD45RA^+^ CCR7^-^, central memory (CM) as CD45RA^-^ CCR7^+^ and effector memory (EM) as CD45RA^-^ CCR7^-^. A-H: The bar graphs represent the proportion of N, T~EMRA~, CM, and EM CD4^+^ and CD8^+^ T-cells in the different groups analyzed in response to overnight stimulation with the different stimuli. The horizontal lines represent the median; blue circles represent the LTBI group, red circles represent the HIV-LTBI group; green circles represent the TB group; orange circles represent the HIV-TB group. Statistical analysis was performed using Mann-Whitney test and p value was considered significant if \< 0.05. A, C, E, G) Phenotype of CD4^+^ T-cells in response to each stimulus; B, D, F, H) Phenotype of CD8 T-cells in response to each stimulus. Footnotes: HIV: human immunodeficiency virus; TB: tuberculosis; LTBI: latent TB infection; HBHA: heparin-binding haemagglutinin; RD: region of difference; CMV: cytomegalovirus; SEB: staphylococcal enterotoxin B; N: naïve; T~EMRA~: terminally-differentiated effector memory; CM: central memory; EM effector memory.

(TIF)

###### 

Click here for additional data file.
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